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Introduction
The Drosophila light activated transient receptor potential like (TRPL) is one of the two founding members of the TRP channel superfamily, predominantly expressed in the photoreceptor cells. This channel was discovered independently from the Drosophila TRP channel in a screen for calmodulin-binding proteins. 1 The TRPL channel is a nonselective cation channel, a member of the TRPC (canonical) subfamily of TRP channels. Many studies, both in vivo and in expression systems have been conducted on the TRPL channel, making it a model for the TRPC subfamily. The TRPL channel shows different activation states in different expression systems: TRPL channels expressed in Sf9, 2,3 S2, 4, 5 and COS 6 cells results in constitutively active channels. However, expression in HEK cells results in a silent channel 7 that can be activated via a PLC-mediated G-Protein Coupled Receptor (GPCR) cascade, 8 much like light activation in photoreceptor cells. 9 Drosophila visual transduction is a phosphoinositide signaling cascade mediated by Gq and phospholipase C (PLC). 10 Activation of PLC by a Gq protein promotes the opening of the light activated channels, TRP and TRPL, which depolarize the cell. 9, 11 Activation of PLC is crucial for the opening of the TRP and TRPL channels under physiological conditions. 10, 12 However, the mechanism by which PLC activity promotes TRP and TRPL channel openings is still unknown, despite the many efforts. Two types of gating mechanisms have been demonstrated for TRP channels: (1) Direct activation by various stimulations
The Drosophila light activated TRP and TRPL channels have been a model for TRPC channel gating. Several gating mechanisms have been proposed following experiments conducted on photoreceptor and tissue cultured cells. However, conclusive evidence for any mechanism is still lacking. Here, we show that the Drosophila TRPL channel expressed in tissue cultured cells is constitutively active in S2 cells but is silent in HEK cells. Modulations of TRPL channel activity in different expression system by pharmacology or specific enzymes, which change the lipid content of the plasma membrane, resulted in conflicting effects. These findings demonstrate the difficulty in elucidating TRPC gating, as channel behavior is expression system dependent. However, clues on the gating mechanism may arise from understanding how different expression systems affect TRPC channel activation.
(e.g., temperature, chemical and mechanical stimulations). 13 (2) Indirect activation via GPCR and enzymatic cascade.
14 Drosophila photoreceptor cells are the prototypic example for indirect activation, where activation of the TRP and TRPL channels is mediated by Gq-protein and PLC. 15 However, even the Drosophila channels can be directly activated in vivo by diverse stimuli such as anoxia 16 or application of polyunsaturated fatty acids (PUFA). 4 Several hypotheses explaining how PLC activity gates the TRPL channel have been proposed: (1) [Ins(1,4,5)P 3 ] receptor activation or Ins(1,4,5)P 3 -mediated mobilization of Ca 2+ from internal stores gates the TRPL channels. 17 (2) Dephosphorylation and Ca 2+ mobilization promote TRPL channel activation while phosphorylation via a kinase activity promotes their closing; 18 (3) DAG or its metabolites, such as PUFA, act as second messengers and gate the channels. In this model, a binding site for DAG or PUFA on the channel is assumed; 19 (4) [PtdIns(4,5)P 2 ] acts as an inhibitor of channel opening. In this disinhibition model, PLC activity results in a reduction of membranous PtdIns(4,5) P 2 levels, alleviating its inhibitory effect on the channels and promoting channel openings. 2, 20 An extended version of this model suggests that PtdIns(4,5)P 2 reduction must be accompanied by second messenger production (i.e., DAG) or by cellular acidification, which are also the consequence of PLC activation, in promoting channel opening. [21] [22] [23] (5) The conversion of PtdIns(4,5) P 2 , with a large hydrophilic head group into DAG or its metabolites, with a small hydrophilic head group, change the lipid packing at the plasma membrane, promoting TRPL channel opening. different interpretations of DAG and PtdIns(4,5)P 2 role in TRPL gating.
Results
In an attempt to decipher the gating mechanism of TRP channels, TRPL channels were heterologously expressed in tissue cultured S2 cells 20 and HEK cells. 27 When expressed in the Drosophila S2 cells, TRPL shows a basal constitutive activity that could be further enhanced by activation of the muscarinic (M1) receptor with carbachol (CCH, Fig. 1A and C) . Interestingly, when expressed in mammalian HEK cells, the TRPL channels did not show basal activity, but could be activated via the M1 receptor ( Fig.  1A and D) . The latter result is similar to that observed in photoreceptor cells in vivo, whereby the TRPL channels are closed in the dark while, light stimulation activates the channels via a PLC-mediated GPCR cascade (Fig. 1A and B) . Do PUFAs act as second messengers? PUFAs (e.g., linoleic acid) are potent activators of the TRPL channels in all expression systems tested, including S2 cells (see Fig. 2A ), 20 HEK cells (see Fig. 2B ) 27 and photoreceptor cells (see Fig. 2C ). 4 These observations have led to the proposal that DAG production by PLC, followed by PUFA formation via DAG lipase promotes channel activation. According to this mechanism, PUFAs act as second messengers and gate the TRP channels. 28 The results of Figure 3 show that the above scenario is too simple to account for all experimental observations. Accordingly, TRPL expressed in HEK cells revealed that activation of the channel, followed by application of the DAG lipase inhibitor (RHC-80267) led to TRPL current suppression, as expected from a reduction in the production of a putative PUFA second messenger (Fig. 3C) . This conclusion was supported by exogenous application of a PUFA (linoleic acid, LA Fig. 3C ) which, facilitated channel activity. In contrast, application of the DAG lipase inhibitor to TRPL expressed in S2 cells led to the opposite result, as manifested in both single channel recordings (Fig. 3A) and whole cell recordings (Fig. 3B) . Figure 3 shows that TRPL channel activity was enhanced by RHC-80267 and LA had an additional small but detectible effect, which further facilitated TRPL channel activity ( Fig. 3A and B) . A possible explanation of these results is that RHC-80267 application followed by DAG accumulation leads to TRPL channel activation. However, direct application of DAG analogs in HEK cells did not activate the TRPL channels. 27 Moreover, both DAG accumulation and LA were shown to facilitate TRPL channel activity in the Drosophila S2 expression system. Does PtdIns(4,5)P 2 function as an inhibitor of the channels? To test this model directly, the modulation of PtdIns(4,5)P 2 was attempted by using the Inp54p phosphatase system in HEK cells (Fig. 4B) . The great advantage of this system is that hydrolysis of PtdIns(4,5)P 2 is not accompanied by accumulation of the PLC products Ins(1,4,5)P 3 and DAG. These PLC products are known to affect many downstream signals.
The Inp54p phosphatase (Fig. 4B) or PI(4)P kinase ( Fig.  4A ) rapamycin system 29 were used to show that modulation of PtdIns(4,5)P 2 leads to conflicting results. Accordingly, This model differs from the latter model as it does not assume a specific binding site on the channels, while the channel interaction with its lipid environment is the crucial factor which determines its activity state. 20 In a series of studies, Hardie and colleagues have demonstrated the importance of the DAG branch of the inositol-lipid signaling in TRP and TRPL channel excitation. In a breakthrough study, they showed that poly unsaturated fatty acids (PUFA) promote the opening of the channels, both in photoreceptor cells in the dark and in S2 cells expressing TRPL channels. 4 In this study, it was suggested that PUFA, which are DAG derivatives, act as second messengers and gate the channel. In a later work they demonstrated that the light independent retinal degeneration phenotype observed in the rdgA mutant fly (in which DAG kinase is missing) is a consequence of constitutive TRP and TRPL activation. 19 In this study, it was suggested that DAG or PUFA accumulation, due to the rdgA mutation, is responsible for the observed constitutive activity. Several studies conducted in both photoreceptor cells and in expression systems have supported the notion that DAG has an excitatory effect on TRPL channels, by showing that DAG analogs increase TRPL channel activity. 2, 20, 24 However, neither a relevant DAG-lipase protein converting DAG into PUFA in the fly signaling compartment, nor sites on the channels surface, which bind these lipids were found. 25 It is, therefore, still unclear what the exact role that these lipids have on the gating mechanism of the TRPL channel.
The possible gating mechanisms that involve PtdIns(4,5)P 2 have been extensively investigated both in the native photoreceptors and heterologous expression systems. An early study performed in Drosophila photoreceptors has shown that PtdIns(4,5) P 2 serves as a substrate for the activation process. 26 Two studies have suggested that PtdIns(4,5)P 2 functions as an inhibitor of the TRPL channel in heterologous expression systems. These studies showed that PtdIns(4,5)P 2 sequestration by exogenous polylysine or PtdIns(4,5)P 2 addition enhanced or suppressed the activity of constitutively active TRPL channels, respectively.
2,20
These results are not consistent with recent data showing that PtdIns(4,5)P 2 addition to excised patches of S2 cells expressing TRPL facilitated channel activity. This same study further showed that PtdIns(4,5)P 2 reduction together with intracellular acidification led to robust opening of the channels in the native system. However, in the S2 expression system, facilitated opening of the same channel could be achieved merely by intracellular acidification. 22 Collectively, these results indicate a crucial role for PtdIns(4,5)P 2 in TRPL gating, although the underlying mechanism is not clear.
In the present study, we show that the Drosophila TRPL channel expressed in tissue cultured cells is constitutively active in S2 cells but is silent in HEK cells, where it becomes active upon stimulation. PLC activation and PUFA application enhanced channel opening in all expression systems. However, application of DAG-lipase inhibitor (RHC-80267), cellular acidification and PtdIns(4,5)P 2 manipulations, using specific enzymes, resulted in conflicting effects, depending on the expression system used. These conflicting results lead to very is expression system dependent (see also studies on mammalian TRPC channels 30 ). A revised version of the PtdIns(4,5)P 2 depletion hypothesis was suggested. According to this hypothesis, PtdIns(4,5)P 2 depletion together with intracellular acidification are required for TRP and TRPL channel gating in the photoreceptor cells. 22 However, this hypothesis, which was based on experiments conducted in Drosophila photoreceptors and S2 cells, was not supported by experiments conducted in HEK cells. 27 Furthermore, in the S2 expression system, intracellular acidification alone without PtdIns(4,5)P 2 depletion was sufficient to facilitate TRPL channel opening. This particular result could not be demonstrated in PtdIns(4,5)P 2 hydrolysis induced by application of Rapamycin to HEK cells, (expressing the Inp54p phosphatase system and TRPL, Fig. 4B ) caused suppression of CCH-activated TRPL channel (Fig. 4B) . In contrast, PtdIns(4,5)P 2 synthesis induced by application of Rapamycin to S2 cells, (co-expressing the PI(4)P kinase and TRPL, Fig. 4A ) caused suppression of LA activated TRPL channel activity (Fig. 4A) , consistent with previous experiments attributing an inhibitory role to PtdIns(4,5) P 2 . 2, 20 The data thus show that PtdIns(4,5)P 2 hydrolysis in HEK cells and PtdIns(4,5)P 2 synthesis in S2 cells both suppressed TRPL channel activity, a result which demonstrates that the interpretation of PtdIns(4,5)P 2 role in TRPL activation Nevertheless, pharmacology has a disadvantage of targeting and specificity. The advances in molecular biology and tissue cultured cells have been instrumental in overcoming some of these difficulties. Currently, cloned channels expressed in tissue culture cells enable electrophysiological characterization of specific channels in isolation. The drawback of this methodology is that sometimes the normal channel activity requires essential components of the native system. This in turn results in abnormal channel properties. In some cases, overexpression of a channel, or absence of necessary channel subunits cause abnormal physiological behavior of the channel. In other cases, the cellular environment of the expression systems modifies the normal channel activity.
In the S2 expression system, the characteristics of the TRPL channel are best explained by assuming plasma membrane-channel interactions. 5 This is because many membrane modulations [by DAG, PUFA, PtdIns(4,5)P 2 depletion, changes of osmolarity] affected the activation state of TRPL channels expressed in S2. On the other hand, in the HEK expression system, the characteristics of the TRPL channel fit better a PUFA-based second messenger model. 27 This is mainly because PtdIns(4,5)P 2 solely the HEK expression system as intracellular acidification did not open the channels. 27 These results exemplify the complexity of formulating a coherent model of TRPL channel gating.
The third model, in which conversion of PtdIns(4,5)P 2 into DAG modifies membrane lipid packing and affects channel-plasma membrane lipids interactions, fits with the results obtained from TRPL expressed in S2 cells. 5 This is because many membrane modulations (DAG, PUFA, PtdIns(4,5)P 2 depletion, changes of osmolarity) affected the activation state of TRPL channels in this system. 20 However, several of these results could not be reproduced for TRPL channels expressed in HEK cells, and therefore, the results obtained in this system fit a different model. Moreover, data on lipid channel interaction and effects of changes in lipid packing on channel activity are still missing.
Discussion
Channels expressed in tissue culture cells are useful as native systems usually express more than one channel and channel accessibility can be challenging. Pharmacology has played a major role in isolating the current of a specific channel in native systems. supplemented with 10% fetal bovine serum and 1% pen-strep. Transfections were performed using Escort IV (Sigma) with equal amounts of cDNA, according to the manufacturer's instructions and protocol. A S2 line stably expressing TRPL was used for many experiments in which CuSO 4 at a final concentration of 500 μM was added 24 h before experiment to induce expression.
HEK cells were grown at 37°C with 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% FBS and acts as a PLC substrate necessary for TRPL activation, while PUFA activates the channel directly.
In the present study we demonstrated the difficulties in elucidating the gating mechanism of the TRPL channel. We showed that pharmacological or membrane lipid modulations by specific enzymes resulted in conflicting results, depending on the expression system used. These observations raise the questions as to the validity of using such expression systems as models of native systems. We suggest that elucidating the factors, which affect TRPL state of activation in different expression systems, are likely to shed light on the gating mechanism of these channels.
Material and Methods
Fly stock. Drosophila White-eyed trp P343 mutant fly was used. Flies were raised at 24°C in a 12 h light/dark cycle on standard medium.
Light stimulation. A xenon highpressure lamp (PTI, LPS 220, operating at 50 W) was used and the light stimuli were delivered to the ommatidia by means of epi-illumination via an objective lens (in situ). The intensity of the orange light (Schott OG 590 edge filter) at the specimen, with no intervening neutral density filters, was 13 mW/cm 2 and it was attenuated by neutral density filters in log scale.
Expression constructs. For S2 cells: The Drosophila TRPL channel was expressed using pRmHa3-TRPL plasmid. The Drosophila Muscarinic receptor was expressed using pRmHa3-DM1 plasmid. The GFP-FKBP-PIPK, Lyn11-FRB and GFP-PLCdelta-PH were subcloned into pMT expression vector. For HEK cells: The mouse Muscarinic receptor M1-CFP was expressed using pCD-PS mammalian expression vector. The Drosophila TRPL ORF was subcloned into pEGFP-C1 expression vector between the NheI and EcoRI restriction sites. The Lyn11-FRB, CFP-FKBP-Inp54p and GFP-PLCdelta-PH used are as previously described in reference 29.
Cell culture. Schneider S2 cells were grown in 25 cm 2 flasks, at 25°C in Schneider medium (Beit Haemek Biological Industries) experiment, cells were transfected to induce expression of the appropriate proteins. S2 cells were seeded on polylysine coated plates at a confluence of 25%, 48-72 h before the experiment. 24-48 h before the experiment, cells were transfected and 500 μM CuSO 4 (final concentration) was added to the medium to induce expression of the channels. Single channel and whole-cell 1% pen-strep (Biological Industries). Transfections were performed with the TransIt (Mirus) transfection reagent, with equal amounts of cDNA, according to the manufacturer's instructions and protocol.
Electrophysiology. HEK cells were seeded on polylysine coated coverslips at a confluence of 25%. 24-48 h before the 4 Mg-ATP and 0.4 Na-GTP, 0.5 BAPTA. All solutions were titrated to pH 7.15.
All cells were perfused via BPS-4 valve control system (Scientific Instruments) at a rate of ~30 chamber volumes/ min. Rapamycin (500 nM), LA (60 μM) and carbachol (CCH 100 μM) were purchased from Calbiochem.
Confocal imaging. Images of HEK and S2 cells expressing fluorescent proteins were acquired in a confocal microscope (Olympus Fluoview 300 IX70) using an Olympus UplanF1 60X/0.9 water objective. The cells were excited with an argon/ krypton laser at 488 nm.
Data analysis. Data were analyzed and plotted using pClamp 10 (Molecular Devices) and Sigma Plot 8.02 (Systat software) software. Confocal images were imported as tiff single images into Photoshop (Adobe Systems Inc.), where they were subsequently cropped and resized.
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currents were recorded at room temperature using borosilicate patch pipettes of 3-5 MΩ for HEK and 7-10 MΩ for S2 cell and an Axopatch 200B voltage-clamp amplifier. Voltage-clamp pulses were generated, and data were captured using a Digidata 1440A interfaced to a computer running the pClamp 10 software (Molecular Devices). Currents were filtered using 8-pole low pass Bessel filter at 5 kHz and sampled at 50 kHz. Series resistance compensation was performed 80% for currents above 1,000 pA for HEK. For Drosophila ommatidia, Axopatch 1D voltage-clamp amplifier, Digidata 1200 and pClamp 8.0 software (Molecular Devices) were used. Currents were filtered at 5 kHz using the 8-pole low pass Bessel filter and sampled at 20 kHz. To measure current-voltage (I-V ) curves with minimal distortions, only cells with low (~10 MΩ) series resistance were used and the series resistance was compensated by 80%.
Solutions. For Drosophila ommatidia, the extracellular solution contained the following (in mM): 120 NaCl, 5 KCl, 4 MgSO 4 , 10 TES, 25 proline, 5 alanine. To this nominal Ca 
